Class III RNA polymerases purified from the murine plasmacytoma MOPC 315 and from Xenopus Laevis ovaries were compared. The subunit structures of the chromatographically distinct murine enzymes IIIA and IIIa were indistinguishable and were reniarkably similar to that of the amphibian enzyme III. The plasmacytoma class III RNA polymerases were also compared with purified plasmacytoma RNA polymerases I and II. Sedimentation studies indicated that RNA polymerase III is sigriificantly larger than RNA polymerase II, which is slightly larger than RNA polymerase I. Structural analyses showed that the molecular weights of the large subunits present in the clays III enzymes (138,000 and 155,000) differ from those of the class .II enzymes (140,000 and either 170,000, 205,000, or 240,000) and from those of the class I enzymes (117;000 and 195,000). Some low-molecular-weight subunits are also unique to each enzyme class. These results clearly distinguish the class I, II, and I1 enzymes on a structural basis. In addition, polypeptides of molecular weight 29,000 and 19,000 were found in all enzyme classes, a polypeptide of molecular weight 52,000 was found only in class I and III enzymes; and a polypeptide of molecular weight 41,000 was found only in class II and III enzymes. These findings are discussed in terms of the function and regulation of the RNA polymerases.
Three majot classes of DNA-dependent RNA polymerases (designated I, II, and III) have been distinguished in lower and higher eukaryotes on the basis of differences in chromatographic and catalytic properties (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) and differences in function (1, 10) . Class I, II, and III RNA polymerases synthesize, respectively, rRNA, heterogeneous nuclear RNA (HnRNA), and the tRNA and 5S RNA species. In adenovirus-2-infected cells, RNA polymerases II and III have also been shown to synthesize, respectively, viral mRNA precursors and viral 5.5S RNA (11) . Whether the individual enzyme forms within each class (5-8, 12-16, 19 ) have distinct functions is unknown. The relative proportions and the MellWilar levels of activity of the class I, II, and III enzymes vary among different cell types and in the same cell type under different physiological conditions (8, 16) . It has been suggested that these enzymes may be directly involved in the regulation of specific gene transcription.
Abbreviations: NaDodSO4, sodium dodecyl sulfate; RNA polymerases are denoted by Roman numerals (denoting the enzyme class) with subscript capital letters (denoting the specific enzyme form); RNA polymerase subunits are indicated by Roman numerals (denoting the enzyme class) followed by lower case letters (denoting the specific subunit). * These findings were presented in part at the Third International Conference on Isozymes (April [18] [19] [20] 1974 ; New Haven, Conn.) (ref. 1) . 348 In calf thymus (15) , murine plasmacytoma (13, 14) , and yeast (17, 18) , the subunit patterns are distinct for the purified class I and II enzymes, although some small subunits may be shared. The heterogeneous forms within class I (13) or within class II (14, 15, 19) appear to differ by a single subunit. It has not previously been determined whether the class III enzymes are structurally related to the class I or the class II RNA polymerases or whether they are composed primarily of distinct subunits.
This report compares the subunit structures of the class III RNA polymerases from murine plasmacytoma cells (8) and from X. laevis ovaries (7) and, in addition, the subunit structures of the homologous class I, II, and III enzymes from plasmacytoma cells. These studies provide a structural basis for further investigation and understanding of the involvement of the different RNA polymerases in the regulation of specific gene transcription in eukaryotic cells.
METHODS
RNA polymerases I and II from the murine plasmacytoma MOPC 315 were purified, respectively, through the second phosphocellulose step (13) and through the DEAE-Sephadex step (14) . Murine plasmacytoma RNA polymerases IIIA and 11s were solubilized and separated on DEAE-Sephadex as described (8) . Enzymes IIIA and IIIB were subsequently purified by chromatography on DEAE-cellulose, CM-Sephadex, and phosphocellulose and by sucrose density gradient sedimentation. All procedures were similar to those described for the purification of RNA polymerases I and II (13, 14) and will be described in detail elsewhere (V. E. F. Sklar and R. G. Roeder, manuscript in preparation). Xenopus laevis RNA polymerase III (7) was obtained as a soluble extract after homogenization of mature ovaries in 0.05 M Tris HCl (pH 7.9), 25% (v/v) glycerol, 0.1 mM EDTA, and 5 mM dithioerythritol. The homogenate was subjected to high-speed centrifugation and the supernatant (containing the activity) was subjected to ammonium sulfate precipitation (7) prior to further purification by chromatographic procedures identical to those used for the plasmacytoma enzymes (R. G. Roeder and S. Chou, manuscript in preparation).
RESULTS
Structural Features of the Class III RNA Polymerases. The subunit compositions of purified RNA polymerases IIIA and IIIB from plasmacytoma cells and RNA polymerase III from X. laevil ovarian tissue were determined by electrophoresis in the presence of sodium dodecyl sulfate (NaDodSO4) in poly- (7 1Ag ; 1300 units) and IIIB (9 pg; 2200 units) and X. laevis RNA polymerase III (19 Ag; 2000 units) were subjected to electrophoresis on polyacrylamide slab gels (9 X 9 X 0.1 cm, 5-15% linear acrylamide gradient) in the presence of NaDodSO4 as described (29) . Lower case letters indicate the subunits whose molecular weights are indicated in Table 1. acrylamide slab gels (Fig. 1) . The molecular weights of the various polypeptides were estimated by the simultaneous electrophoresis of known protein standards (13, 14) . Table 1 summarizes these data for those polypeptides indicated by lower case letters in Fig. 1 .
Those RNA polymerase III-associated polypeptides indicated in Fig. 1 appear to represent enzyme subunits based on the following observations (V. E. F. Sklar and R. G. Roeder, unpublished observations). These polypeptides remain associated with the major protein bands when the murine and amphibian class III RNA polymerases are subjected to electrophoresis under nondenaturing conditions, while other contaminants are removed. The ratio of the amount of each of the indicated polypeptides to the amount of enzyme activity is also reasonably constant for individual chromatographic fractions after elution of the RNA polymerases from phosphocellulose with salt gradients. The molar ratio of the IIla and IIb polypeptides is always 1:1, whereas the apparent ratios of the smaller enzyme-associated polypeptides, relative to subunit IIb, have varied from 0.6 to 1.5 in different experiments. It should be noted, however, that the relative intensities of the stained polypeptide bands (and, therefore, molar ratio determination) vary somewhat under different experimental conditions and in different analytical gel systems (see also ref. 15) , as do the molecular weight estimates. The apparent molecular weight of the murine RNA polymerase III has been crudely estimated by sedimentation analysis (see below) to be 620,000. This value is compatible with that predicted for an enzyme composed of equimolar amounts of the individual polypeptides indicated in Table 1 (about 670,000).
The structures of the plasmacytoma enzymes "IA and IIIB are indistinguishable (Fig. 1) . Furthermore, the apparent subunit structures of the plasmacytoma and the X. Iaevis class III enzymes (Fig. 1) are strikingly similar, with only minor differences in molecular weight between some analogous subunits (e.g., the IIIc subunits and the IIIg subunits). The murine and amphibian enzymes are purified from cell types (somatic cells and oocytes, respectively) that differ markedly in composition and function, and the respective enzymes are solubilized by different procedures (Methods). Thus, the observation that the murine and amphibian enzymes contain polypeptides of approximately the same size is consistent with the idea that these polypeptides represent enzyme subunits.
Chromatographically homogeneous preparations of murine RNA polymerases I and II (analogous to those used here) were each previously resolved into multiple enzyme forms by electrophoresis under nondenaturing conditions, with the simultaneous removal of minor contaminating proteins (13, 14) . Subunits present in different forms were determined by subsequent electrophoresis in the presence of NaDodSO4, and are summarized collectively for each enzyme class in Table 1 Table 1 ). The subunits of 29,000 daltons and above were clearly identified. Lowermolecular-weight subunits were ambiguous in some cases, and conclusions regarding these subunits are tentative. Fig. 2A shows a comparison of the class I and class II RNA polymerases that were subjected, individually and in combination, to polyacrylamide gel electrophoresis in the presence of NaDodSO4. In the latter case (center gel) the enzyme samples were combined prior to denaturation. Lower case letters denote the polypeptides that correspond to the subunits listed in Table 1 . The four highest-molecular-weight subunits of RNA polymerase II (Ho, Iha, IIb, and IIc) are clearly distinct from the two high-molecular-weight subunits of RNA polymerase I (Ia and Ib). The class I and II RNA polymerases are also distinguished on the basis of subunits Ic and Id and subunits Ild and Ilf. The heterogeneity within the Ic subunit region has been discussed previously (13 A similar comparison between the class I and class III enzymes is shown in Fig. 2B . The particular RNA polymerase I preparation used in this experiment had several contaminants, but the polypeptide bands shown previously (Table 1 and Fig. 2A ) to represent subunits were determined with molecular weight standards and are indicated by letters as before. Due to the lower acrylamide concentration used in this experiment, most polypeptides smaller than 29,000 daltons appear as a single band at the lower end of the gel. The RNA polymerase III pattern is similar to that shown in Fig. 1 Structures of RNA Polymerases I, II, and III 351 polymerase III (IIIa and IlIb) are distinct. No counterpart to subunit Ic (61,000 daltons) is found in enzyme III, nor are there subunits in RNA polymerase I similar in size to subunits IlIc, IIId, and IIIf. However, when a mixture of the enzymes is subjected to electrophoresis, subunits Id and Ille (52,000 daltons) are indistinguishable, as are subunits Ie and IIIh (29,000 daltons). This latter conclusion is also supported by a comparison of the data in Fig. 2A and Fig. 2C (below) .
A comparison of RNA polymerases II and III is shown in Fig. 2C . The high-molecular-weight subunits of RNA polymerase II (Ho, Ila, Ilb, and lIc) are clearly distinguished from those of RNA polymerase III (IlIa and IlIb) when a mixture of enzymes II and III is analyzed (center gel). On the basis of relative electrophoretic mobilities (legend to Fig. 2C) , the six high-molecular-weight polypeptides in the center gel correspond, in order of increasing mobility, to subunits lIo, Iha, Ilb, IIIa, Ilc, and IlIb. The separation between subunits Ilc (140,000 daltons) and IIlb (138,000 daltons) is more apparent in 5% polyacrylamide gels (data not shown). RNA polymerases II and III are also clearly distinguished by subunit lIf and by IlIc, IIId, and IlIe. The 41,000-dalton subunits Ild and I1If2, the 29,000-dalton subunits Ile and IIIh, and the 19,000-dalton subunits IIh and HiE appear similar in size in each case. As noted above, it is the lower component of IIh that appears similar to both subunits If ( Fig. 2A) and IIIi.
The subunit composition data (Table 1) suggested significant differences in the molecular weights of the enzymes (i.e., lll>II>I). To test this, mixtures of purified enzymes I and II, and of enzymes II and III were sedimented in sucrose density gradients (Fig. 3) . The respective activities were distinguished on the basis of differential a-amanitin sensitivities (8) . All three murine enzymes sediment faster than the Escherichia coli core RNA polymerase (sedimentation position indicated by broad vertical arrow). Enzyme I sediments more slowly than enzyme II (compare ref. 15 ) and enzyme II sediments more slowly than enzyme III. Although two peaks of enzyme III are apparent, at higher salt concentrations the amount of enzyme III in the faster sedimenting peak is decreased and the form sedimenting closest to the peak of enzyme II is increased (data not shown). The faster sedimenting peak is, therefore, presumed to be an aggregate of enzyme III molecules. From the relative sedimentation rates of the RNA polymerases, the molecular weight of RNA polymerase III is estimated to be about 620,000 (see legend to Fig. 3 ). Although such estimations are very approximate, these observations are consistent with the data presented in Table 1 .
DISCUSSION
The present studies demonstrate that the class III RNA polymerases, like other purified nuclear RNA polymerases, contain two subunits of greater than 100,000 daltons and several smaller subunits. More stringent criteria are needed, however, to firmly establish the involvement of all these polypeptides, and in particular those of low molecular weight, in enzyme function (20) . The apparent subunit structures of the plasmacytoma RNA polymerases IllA and IIIs were indistinguishable, suggesting that the distinct chromatographic properties of these enzymes reflect charge differences between otherwise similar subunits or other minor structural differences not detected under the analytical conditions used. Whether enzymes IIIA and IIIB perform distinct functions (4.4 ml) in 0.1 M ammonium sulfate exactly as described (13) . Fractions of 0.09 ml were collected and assayed in the presence and absence of 0.5 ,ug of a-amanitin per ml (8) . (0) (14) , the molecular weight of RNA polymerase III appears to be about 620,000.
(e.g., the synthesis of tRNA versus 5S RNA, ref. 10) has not been determined.
The structural similarities between the murine and amphibian enzymes suggest strongly that the class III enzymes may be structurally similar in all eukaryotes, as has been demonstrated for the class I (13, 15, 17, 18) and class II (14, 15, (17) (18) (19) 21) enzymes. The RNA polymerase III from X. laevis ovaries is probably identical to the enzyme described in mature oocytes (7), since these oocytes comprise the bulk of the ovarian mass. Moreover, the chromatographic and catalytic properties and the a-amanitin sensitivities (inhibition at high toxin concentrations) are identical for the class III enzymes from ovaries, oocytes, and somatic cells of X. laevis and from murine plasmacytoma cells (R. G. Roeder, manuscript in preparation). The similarities in structure and catalytic properties suggest that these enzymes have similar functions, although it is unclear whether the enzyme present in oocytes functions primarily during oogenesis or during embryogenesis (7). An RNA polymerase has been isolated from rat liver (22) which is also sensitive to high concentrations of a-amanitin and which chromatographs with RNA polymerase I on DEAE-cellulose, as has been reported for the plasmacytoma and for the X. laevtis nuclear class III enzymes (ref. 8; R. G. Roeder, manuscript in preparation). However, because the rat liver enzyme was found only in the cytoplasm and appeared structurally similar to the homologous RNA polymerase 11 (22) , its relationship to the nuclear class III enzymes is unclear.
